Our results imply that the correlations between the atoms in a spin-squeezed Bose-Einstein condensate are strong enough to violate a Bell inequality. This Bell inequality could be violated directly by first localizing the atoms-e.g., through a nondestructive, spin-independent measurement of their position-and then measuring their internal states individually [see section 4 of (24)]. Further study of these states may enable insights into many-body correlations outside of the quantum formalism. Our results naturally raise the question of how our witness can be extended to detect genuine multipartite nonlocality (11) or to quantify the degree of nonlocality (29, 30), in a similar way as the degree of entanglement can be quantified in terms of k-producibility (Fig. 2) (20) . Finally, Bell correlations are a resource in quantum information theory-e.g., for certifiable randomness generation. Although Bell-correlation-based randomness has been extracted from two-qubit systems (31), an implementation in a many-body system would considerably increase the amount of randomness per experimental run.
Variations in continental volcanic arc emissions have the potential to control atmospheric carbon dioxide (CO 2 ) levels and climate change on multimillion-year time scales. Here we present a compilation of~120,000 detrital zircon uranium-lead (U-Pb) ages from global sedimentary deposits as a proxy to track the spatial distribution of continental magmatic arc systems from the Cryogenian period to the present. These data demonstrate a direct relationship between global arc activity and major climate shifts: Widespread continental arcs correspond with prominent early Paleozoic and Mesozoic greenhouse climates, whereas reduced continental arc activity corresponds with icehouse climates of the Cryogenian, Late Ordovician, late Paleozoic, and Cenozoic. This persistent coupled behavior provides evidence that continental volcanic outgassing drove long-term shifts in atmospheric CO 2 levels over the past 720 million years.
E
arth experienced multiple shifts in climate state over the past~720 million years (My), with extensive icehouse intervals during the Cryogenian (1, 2), latest Ordovician (3), late Paleozoic (4), and mid-late Cenozoic alternating with greenhouse intervals during the early Paleozoic and Mesozoic-early Cenozoic eras (5, 6) . These shifts are attributed to changes in the partial pressure of atmospheric carbon dioxide (PCO 2 ) (5-8). Long-term (≥10 6 years) changes in PCO 2 are controlled by the magnitude of carbon input to the ocean-atmosphere system from volcanic and metamorphic outgassing, as well as the removal of this carbon primarily through silicate weathering and subsequent precipitation and burial of carbonate minerals, along with organic carbon burial (8, 9) . Although sporadic processes such as enhanced plume activity (10) and mountain building (11) have been invoked as drivers of specific greenhouse or icehouse intervals, no unifying model explains all of the observed fluctuations.
Arc magmatism along continental-margin subduction zones is thought to contribute more CO 2 to the atmosphere than other volcanic systems, owing to decarbonation of carbonates stored in the continental crust of the upper plate (12) (13) (14) (15) (16) . Although direct measurements of CO 2 outgassing rates are limited, current continental volcanic arc (CVA) emissions are estimated to be as high as~150 teragrams C per year (Tg/ year), in contrast to 12 to 60 Tg/year from ocean ridges and 1 to 30 Tg/year from oceanic intraplate volcanoes (14) . Therefore, the spatial distribution of CVAs through geologic time, which varies due to changes in plate tectonic regimes (17) , may play a prominent role in regulating Earth's climate state.
Because variations in CVA activity have few constraints through Earth history, it is difficult to model their role as drivers of climate change (16) . Burial, erosion, or destruction of the arc can hinder our ability to track CVA systems in deep geologic time. The sedimentary record, however, provides an effective means to track the past presence of CVA systems. Although original arc rocks may be gone, their eroded components are distributed and archived in many adjacent sedimentary basins. Zircon, a key mineral for U-Pb geochronology, is chemically and physically resistant to degradation. Zircon grains are capable of enduring the rigors of erosion, transport, reworking, burial, moderate to high degrees of metamorphism, subduction, and return to the surface through magmatic processes, thus yielding particularly long residence times in the continental crust (18) . Whereas mantle-derived mafic rocks (from hightemperature, low-silica dry magmas) associated with continental rifts, spreading ridges, and flood basalts have low-zircon yields, zircon-fertile rocks are mostly produced by low-temperature, high-silica hydrous melts along continental subduction zones (19) . Siliciclastic strata deposited near active CVAs contain abundant young zircon grains (i.e., zircons with U-Pb crystallization ages close to the stratal depositional age) defining distinct age populations that track regional magmatic arc flare-ups (20) , whereas large igneous provinces (LIPs), rift systems, and passive margins generally lack substantial young zircon populations (21, 22) . Oceanic island arcs do not affect the continental sedimentary record until accretion, which introduces older grains. Therefore, we can employ the relative abundance of young detrital zircon grains in the stratigraphic record to assess the regional presence and importance of CVA systems.
We compiled~120,000 new and published single-grain detrital zircon U-Pb ages from globally distributed clastic sedimentary rocks to track the spatial distribution of CVAs from the Cryogenian to the present. Using U-Pb data from strata with depositional ages constrained to at least the geologic period, we generated global age distributions to evaluate relative shifts in the abundance of young zircon grains, which are linked to regional silicic magmatism. Because global sampling is incomplete and the quantity of age data available from different regions is variable, we applied a normalization process for our composite distributions (23) . First, U-Pb ages were arranged regionally by geographic location (26 zones) ( fig. S1 ) and temporally by geologic period (13 intervals) (table S1). Age frequency distributions were established for all data, and then the individual regional distributions were equally weighted to create global composite distributions for each geologic period. For periods lacking data in prominent regions with reasonably known geologic histories, we used regional age data from the next youngest period to backfill the empty bin (23) . An outlier test was performed to identify anomalous data sets that significantly skewed the composite distributions and to ensure that the signal was indeed global (23) .
We found that composite age distributions from rocks deposited during icehouse intervals contain relatively low proportions of young zircon, whereas distributions from greenhouse intervals are skewed toward younger populations (Fig. 1) . This is best illustrated by the cumulative age distributions in which the Cryogenian, Silurian, Permian, and Cenozoic icehouse intervals yield low proportions of young zircon grains but the Cambrian, Jurassic, and Cretaceous greenhouse periods yield the greatest proportions of young grains (Figs. 2 and 3) . The mean ages of the young populations in each interval vary with respect to modeled Phanerozoic CO 2 value, as the young mean ages converge on the depositional age transitioning into greenhouse climates and deviate from the depositional age during icehouse climates (Fig. 3) . Overall, these data demonstrate a direct link between shifts in global detrital zircon production, CVA distribution, and major climate transitions over the past 720 My. The relationships between icehouse-greenhouse transitions and CVA spatiotemporal variations fit within the paleogeographic framework of continents. Continental breakup requires the opening of new ocean basins and the generation of new oceanic lithosphere. This, in turn, requires the consumption of old oceanic lithosphere elsewhere along subduction zones and produces CVAs, whereas continental collisions shut down subduction and lessen the global length of CVAs (15, 17, 22, 24) . Therefore, intervals following continental breakup will consist of high continent dispersal with spatially extensive CVAs, and intervals during and after continental collision will consist of reduced CVAs.
The extent of the low-latitude Cryogenian Sturtian [716 million years ago (Ma)] and Marinoan (635 Ma) glaciations requires anomalously low levels of atmospheric CO 2 (25, 26) . Increased silicate weathering due to continental rifting and emplacement of the low-latitude Franklin LIP, which produced highly weatherable mafic rocks, are cited as primary mechanisms for CO 2 consumption to trigger these "snowball Earth" events (2, 27). However, Mesoproterozoic (~1400 Ma) emplacement of prominent low-latitude LIPs did not yield known glaciations (28) . The Phanerozoic record is also replete with LIPs (29) that did not induce glaciations. The Siberian traps erupted at the end of the late Paleozoic icehouse interval without subsequent glaciation, albeit in a highlatitude paleogeographic position. The Khalkarindji, Central Atlantic, and Deccan provinces formed at lower latitudes (30) , and contrastingly, these events all correspond with greenhouse intervals. Although the Franklin LIP was broadly contemporaneous with the Sturtian, there is no LIP matching the Marinoan glaciation. We find the assumption of a primary relationship between LIP emplacement and Cryogenian glaciations difficult to justify. Rather, we postulate that Cryogenian glaciations resulted from a major drop in volcanic CO 2 fluxes associated with the assembly of Rodinia.
The Rodinia supercontinent formed by~900 Ma and underwent protracted Neoproterozoic rifting starting as early as 750 Ma, with diachronous final breakup around 600 Ma (31, 32). Rodinia's long existence included an interval of reduced CVAs with a progressive increase throughout the period of Neoproterozoic breakup, as evidenced by a young zircon lull~720 Ma at the transition to the Cryogenian glacial interval and an increase toward the end of the interval (Fig. 1) . The influence of diminished volcanic CO 2 fluxes on Cryogenian glaciations has been suggested (22) , but our expanded data set illustrates the pronounced scale of this reduction, with the Cryogenian yielding the lowest proportion of young grains of all subsequent geologic periods (Figs. 1,  2, and 3) . Nearly all regions contain data from Marinoan glacial deposits (~635 Ma) roughly equal to the minimum depositional age of the Cryogenian period, which makes for a pronounced gap between the minimum depositional age and the youngest abundant zircon population. The low-latitude Paleoproterozoic Huronian glaciations (2400 to 2300 Ma), the last known glaciations before the Cryogenian, also coincide with a prominent magmatic gap (33) . Therefore, we assert that the severity of Cryogenian glaciations and the prominence of the zircon age lull are not coincidences and that the major reduction in the volcanic CO 2 flux was critical to allow extensive low-latitude glaciations.
A broad dispersal of continents persisted during the Ediacaran and Cambrian periods, until the assembly of Gondwana was complete by the Middle Ordovician (22) . The Cambrian, which had the highest PCO 2 of the Phanerozoic (5-7) (Fig. 3) , was followed by Ordovician cooling that culminated with the Hirnantian glaciations (~445 Ma) (3) . Ediacaran deposits show a notable increase in both the abundance and mean age of young grains, and Cambrian deposits contain high proportions of young zircon (Figs. 1, 2, and 3) . Ordovician deposits show a reduction in young grains, and Silurian deposits, which account for the~20-My interval following the Hirnantian glaciation, contain low proportions of young zircon (Figs. 2 and 3 sciencemag.org SCIENCE Fig. 2 . Cumulative distribution functions (CDFs) of young zircon U-Pb ages. CDFs for each geologic period (greenhouse, warm colors; icehouse, cool colors) relative to the approximate minimum (left) and maximum (right) depositional ages. CDFs were normalized to zero by subtracting the ages from periods younger than the minimum and maximum depositional ages, respectively (23) . Consideration of the young grain abundance relative to maximum depositional age removes inherent biases related to the differential duration of geologic periods relative to sample depositional ages. A 200-My window represents a reasonable approximation of the typical duration of CVA activity. Fig. 3 . Cumulative proportion of young grains compared to the mean age of young grains, configuration of continents, icehouse-greenhouse intervals, and modeled Phanerozoic CO 2 levels. Average cumulative proportion of young ages within 200 My of minimum depositional ages (from Fig. 2 ) (red line), and mean young ages calculated from the 300-My window relative to the minimum depositional age used in our statistical analysis (23) (blue line), are plotted against the average depositional age of each period. A value of 0 is assigned where the mean young age equals the average depositional age. Comparison of the cumulative proportion to the mean young ages provides insight into the relative abundance of young to older arc-derived grains (e.g., both the Ediacaran and Triassic periods contain low abundances of young to old grains coupled with relatively young mean ages, indicating that most young grains are from young CVAs). The low proportions of young grains and relatively older mean ages in the Cryogenian and Permian indicate that older grains dominate the distributions. The CO 2 curve was taken from (7). ppmv, parts per million by volume. N, Neogene; Pg, Paleogene; K, Cretaceous; J, Jurassic; Tr,Triassic; P, Permian; C, Carboniferous; D, Devonian; S, Silurian; O, Ordovician; ∈, Cambrian; Ediac., Ediacaran.
the Carboniferous-Permian transition (24) . MidPaleozoic warm conditions were followed by the late Paleozoic icehouse, which spanned at least from the Late Carboniferous to the Early Permian (4). The proportions of young zircon grains are modest in Devonian-Carboniferous strata and low in Permian strata. Pangea rifting initiated by the Triassic, with complete breakup by JurassicCretaceous time marking another interval of relatively high continent dispersal, until Paleogene Alpine-Himalayan collision along southern Eurasia closed the Tethys Ocean, substantially reducing global CVA length (15, 34) . Triassic deposits show an increase in young zircon grains, with very high proportions in the Jurassic-Cretaceous greenhouse world (6) . A reduction in young zircon populations for Paleogene and Neogene-Quaternary deposits matches the Cenozoic record of global cooling (35) . In sum, the abundance of young zircon grains in Cambrian and Jurassic-Cretaceous strata reflects high CVA distributions during those intervals of high continent dispersal and greenhouse climates, whereas the low abundance during the Cryogenian, Silurian, Permian, and Cenozoic demonstrates diminished CVA distributions during those intervals of continent amalgamation and icehouse climates.
Phanerozoic GEOCARB CO 2 models (7) (Fig. 3 ) broadly correspond with the CVA record because these models use approximated seafloor-spreading rates, largely inferred from Phanerozoic sea-level records, to estimate volcanic CO 2 fluxes. Spreading rates are driven by slab pull and suction associated with subduction, which increases with slab length (36) . Geodynamic models demonstrate that spreading rates and sea level increase during intervals of continent dispersal (37) . The composite U-Pb age distributions are normalized regionally, and the relative shifts in young zircon abundance are dependent on global shifts rather than accelerated production in a particular region. Therefore, the age distributions represent global zircon production and track the spatial distributions of CVAs through time. Increased fluxes from spreading centers due to rapid subduction during intervals of continent dispersal would certainly contribute to overall CO 2 outgassing, but the flux potential from CVAs is far greater (12, 14, 15) .
A lack of constraints on deep-time volcanic CO 2 emissions has prompted many studies to propose changes in silicate weathering as the primary control on PCO 2 variations (9, 38) . This notion appears to be at odds with the geologic record. No consistent relationship exists between LIP emplacement, which could change the weatherability of the crust, and long-term climate. Temporal variations in global uplift also cannot explain intervals of climate change. Noncollisional convergent margins with CVAs can produce large mountain belts through arc magmatism and retroarc shortening that thicken the crust of the upper plate. The extensive North and South American Cordilleras along the eastern Pacific subduction zones are prime examples. The two highest mountain belts on Earth, the Andes and the Himalaya, formed under similar contractional tectonic regimes, despite their contrasting settings along subduction and collisional margins. Although increased weathering and erosion may be expected during intervals of extensive CVA dispersion due to a combination of uplift, production of weatherable volcanics, and moisture availability from adjacent oceans, intervals of continent dispersal correspond with greenhouse climates. Similarly, continental assembly should generally insulate continent collision belts from oceans and reduce weathering rates, yet these intervals correspond with icehouse climates. The paleogeographic position of continents can influence local weathering rates, but Cryogenian glaciations occurred with continents concentrated at low latitudes (32) , whereas large landmasses were at high latitudes during late Paleozoic icehouse conditions (30) . Likewise, the transition from the early Paleozoic greenhouse to the Hirnantian icehouse occurred without drastic changes in paleogeography. Therefore, we find no causative links between continental paleogeography or topographic variation and global climate change.
Silicate weathering increases with increased temperature, providing a feedback that prevents runaway greenhouse conditions and is critical to maintaining a habitable environment for life (9, 38) . The temperature control on silicate weathering means that it operates as a function of, and is largely dependent on, the CO 2 flux into the atmosphere (39) . Therefore, the input flux should exert the first-order control on atmospheric CO 2 fluctuations that dictate baseline climate. Spatiotemporal variation in the distribution of CVAscontributors of the largest and most variable CO 2 input flux-exhibits a consistent correlation with all major icehouse-greenhouse transitions over the past~720 My. Further, the correspondence of a prominent magmatic lull with the extensive Paleoproterozoic Huronian glaciations suggests that CVA CO 2 outgassing was a principal driver of Earth's long-term climate variability for the past~2.4 billion years.
